and 9010 \ l =A%o\ sg\ l =a%o\ r dHospital, Troms\l=o/\,Norway Summary. Melatonin administration to male blue foxes from August for 1 year resulted in profound changes in the testicular and furring cycles. The control animals underwent 5-fold seasonal changes in testicular volume, with maximal values in March and lowest volumes in August. In contrast, melatonin treatment allowed normal redevelopment of the testes and growth of the winter coat during the autumn but prevented testicular regression and the moult to a summer coat the following spring. At castration in August, 88% of the tubular sections in the testes of the controls contained spermatogonia as the only germinal cell type, whereas in the treated animals 56\p=n-\79%of sections contained spermatids or even spermatozoa. Semen collection from a treated male in early August produced spermatozoa with normal density and motility.
Introduction
The male blue fox (Alopex lagopus) is a typical seasonal breeder and is only sexually active for about 6 weeks of the year in March and April. Considerable seasonal changes in testicular size and cellular composition (Smith et al., , 1986 and in plasma hormone concentrations are observed during the year. The hormonal variations include a 2-fold change in plasma prolactin concentrations, with highest values during long days, and marked seasonal changes in the effect of LHRH stimulation on plasma testosterone levels (Smith et ai, 1985) . These events are likely to be controlled ultimately by photoperiod (Ortavant et ai, 1964) , via rhythms of neuro¬ endocrine activity such as in the pineal gland (Reiter, 1980; Lincoln & Short, 1980; Cardinali, 1981; Tamarkin et ai, 1985) . Pineal Boyd, 1985) and other seasonal breeders (several deer species: Lincoln, 1985 ; Soay ram: Lincoln & Ebling, 1985; ewe: Bittman et ai, 1983; Karsch et ai, 1984;  Syrian hamster : Roberts et ai, 1985) . Both the blue fox (Alopex lagopus) and the silver fox (Vulpes vulpes) are bred on a large scale in northern Europe. Production of blue/silver fox hybrids at present relies heavily on artificial insemination since these two fox species breed at different times during the spring. It would therefore be advantageous to be able to manipulate the timing and length of the breeding season, to facilitate semen collection and natural breeding of these two species.
The primary aim of the present study was to investigate the effects of exogenous melatonin administration on the testicular and moulting cycles. In addition, we wished to study the effects of melatonin on plasma concentrations of prolactin, to determine whether melatonin would prevent the normal increase in prolactin secretion induced by long days, and to investigate the effect, if (Phenamin, Nyco, Oslo, Norway) , the animals were anaesthetized with alphaxalone/alphadolone (Saffan: Glaxovet, Greenford, Middlesex, U.K.) and the implants were placed subcutaneously over the right chest wall. The use of these implants in male red deer and sheep has been described previously (Lincoln el a!, 1984; Lincoln & Ebling, 1985) .
Measurement of testicular volume. The length (which included the head of the epididymis) and width of the testes of all 10 males were measured through the scrotum using calipers, with no allowance for scrotal skin thickness, at approximately 10-day intervals during the study period. Values for length (2a) and width (2b) were converted to volumes (V) by means of the formula for a prolate spheroid, V = 1-33 >2 (Wildt et a!, 1982 DNA flow cytometry. The biopsy samples were washed in saline (0-9% (w/v) NaCl) and incubated in a 0-4% pepsin solution (0-4 g pepsin and 2 ml 1 N-HC1 in 100 ml distilled water) for 15 min at 37°C. After centrifugation, the pellet was suspended in a solution containing RNase, ethidium bromide and detergent (Vindelov, 1977 Sections of testis from each fox were examined by light microscopy and 200 cross-sections of tubules per fox were classified into four categories according to the degree of spermatogenic activity. The categories were the presence of (1) spermatogonia only, (2) spermatogonia and primary spermatocytes, (3) spermatogonia, spermatocytes and round spermatids and (4) spermatogonia, spermatocytes and elongated spermatids, with or without round spermatids. The normal seasonal variations in the occurrence of these categories have been described elsewhere (Smith et a!, 1986 ).
Blood collection. The males were sampled 1-3 times each week during the study without anaesthesia between 09:00 and 11:00 h, using manual restraint. On 8 occasions, as depicted in Fig. 1 , the 4 males in Group 1 and the four control animals were sampled 7 times at 20-min intervals between 09:00 and 11:20 h. A rapid intravenous injection of 1 µg gonadotrophin-releasing hormone (Nialutin: Novo Industry, Oslo, Norway) was given immediately after the second blood sample.
All blood samples (5-10 ml) were collected in heparinized tubes. Plasma was separated by centrifugation and stored at -20°C until assay.
Hormone assays. Blood samples were analysed for LH, prolactin and testosterone using specific radioimmunoassays previously described and validated for use in the blue fox (LH and testosterone: Moller et ai, 1984; prolactin: Mondain-Monval et ai, 1985) . Sensitivity, defined as that amount of hormone which is significantly different from the control buffer, was 0-4 ng/ml for LH, 2 ng/ml for prolactin and 20 pg/ml for testosterone. Intra-and interassay coefficients of variation were, respectively, 20 and 4-9% for LH, 81 and 13-9% for prolactin and 4-9 and 11-7% for testosterone.
Plasma concentrations of melatonin were measured by radioimmunoassay using an antiserum raised against Nsuccinyl-5-methoxy tryptamine (Rollag & Niswender, 1976 ) with a [3H]melatonin tracer. The intra-assay coefficients of variation at 41 and 116 pg/ml were 14-2 and 6% respectively. The inter-assay coefficient of variation was always less than 20%. The limit of detection for this assay was 12-2 pg/ml. Examination offur. Photographs were taken of control and treated animals in July 1985. The 6 animals given melatonin were then killed on 14-15 August 1985 and the skins sent to Oslo Fur Auctions, where they were assessed for fur maturity, hair quality, coat density, pigmentation and texture.
Miscellaneous. The amounts of LH and testosterone released during the first 100 min after intravenous LHRH injection were assessed by calculating the areas under the release curves.
For statistical purposes independent means were examined by Student's / test. All means are expressed as + s.e.m.
Results

Testicular volume
The seasonal changes in testicular volume of the control and treated animals are shown in Fig. 1 . The testes of the control animals underwent 5-fold changes in volume during the study period. They were maximally regressed during August and September, before increasing rapidly in volume during December and February to reach maximal values in March. Testicular volume then declined rapidly to reach basal values again by the end of July.
With the exception of 1 measurement in December, the testicular volumes of the males in Group 1 were not significantly different (P > 01) from those of the controls from the beginning of the study (August) until the second half of May. From then on the volumes were significantly (P < 001) greater until the end of the study. In Group 2, testicular volumes were significantly greater (P < 001) than the controls from the end of May until the end of the study. Mean (Fig. 2) . By the end of May, there were significant differences between the control and treatment groups (P < 0-05) in the relative numbers of both haploid and tetraploid cells. In the control group, 73% of cells were in the haploid population while 7% were tetraploid; in the treated animals these figures were 67% and 12% respectively. At the end of June, the relative numbers of tetraploid cells were again similar (P > 01), but there were clear significant differences (P < 001) between the two groups in the relative numbers of haploid and diploid cells. The majority (87%) of the testicular cells of the control animals had diploid nuclei, with relatively few cells in the tetraploid and haploid populations (11 and 2% respectively). In contrast, in the treated group the majority of cells (69%) were still in the haploid population, with 18% diploid and 8% tetraploid cells.
Histological examination of the testes at castration failed to reveal signs of tissue damage or fibrosis caused by the biopsy technique. All biopsied animals underwent normal testicular develop¬ ment and the control group showed a normal annual testicular cycle (see Fig. 1 ).
Semen collection
Semen was collected by manual stimulation using the method described by Aamdal et al. (1978) 70-6 ± 4-6 73-0 ± 1-7 67-4 ± 0-6* 2-0 + 20
15-5 ± 1-7 18-2 + 3-1 20-5 ± 0-8 21-0 ± 1-5 86-8 + 2-2 68-9 + 6-5*** 18-3 + 5-9*** 8-5 ± 1-6 11-3 ± 1-9 6-5 ± 1-3 11-7 ± 1-3* 11-2 ±2-3 7-6 + 1-2 **P < 0-05, ***P < 001 compared with control group.
Testicular histology
Typical histological sections from control and treated animals collected at castration in August 1985 are shown in Fig. 3 . No tubular sections with spermatids or more advanced cell types were found in the control animals. The majority of tubules (88%) contained only spermatogonia while in a few (12%) primary spermatocytes were also observed. In Group 1, however, the majority of tubular sections (56%) contained elongated spermatids or more advanced cell types and an additional 29% contained cells up to the round spermatid stage. Only 6% of tubules contained spermatogonia alone and 8% of sections contained spermatogonia and primary spermatocytes only. In Group 2, the majority (79%) of tubules contained elongated spermatids or more advanced cell types, which was significantly (P < 001) higher than in Group 1, and 20% of tubules contained cells up to the round spermatid stage. As few as 1 % of tubules contained only spermatogonia and primary spermatocytes and none were observed with spermatogonia alone. In contrast to the seminiferous tubules of the control animals, the lumen was still present in most of the treated males.
Seasonal changes in hormone concentrations
Melatonin. The seasonal changes in plasma melatonin concentrations, the timing of melatonin administration and doses used are depicted in Fig. 4(a & b) . There were no clear-cut seasonal variations in plasma concentrations of melatonin in the control group (range: limit of detection to 56-9 pg/ml, mean: 25-4 pg/ml, = 55). In contrast, both treatment groups showed marked variations in melatonin values. In Group 1 (Fig. 4a) , plasma concentrations were higher (P < 0-05) than in the controls from the adminis¬ tration of the first implants (24 mg) on 17 August until the second dose (36 mg) on 21 February. Highest levels recorded (1 week after implantation) were 170-308 pg/ml, which had declined to 38-59 pg/ml on 14 February, 6 months after administration.
After implantation of 36 mg melatonin on 21 February, levels rose rapidly to reach 685-1248 pg/ml 4 days later. Concentrations then declined to 279-551 pg/ml on 14 March, 3 weeks after administration. At 2 days after the 200 mg implants were given on 19 March, plasma levels ranged from 668 to 1248 pg/ml. In contrast to the previous implant type, the Silastic envelopes maintained high plasma levels of melatonin (405-1248 pg/ml) until the end of the study period, nearly 5 months later, and did not fall significantly (P > 01) during this time.
Plasma melatonin concentrations in Group 2 are shown in Fig. 4(b) . There were too few animals in this group to undertake a statistical analysis of the variations after implantation, but plasma levels were similar to those in Group 1, despite the use of larger doses.
Prolactin. The seasonal changes in plasma prolactin concentrations are depicted in Fig. 5 . In the control animals, basal levels (1-6-5-4 ng/ml) were observed from August until the end of March. Mean concentrations increased significantly ( < 001) to reach peak values in May and June (4T-18-3 ng/ml) before declining again during July. Prolactin concentrations in all the melatonintreated animals, however, remained at consistently low levels throughout the study period (Group 1: range 1 -9-6-3, mean 3-2 ng/ml; Group 2: range 1-8-4-8, mean 2-9 ng/ml).
LH and testosterone. The patterns of LH release during the first 100 min after LHRH injection at 8 times of the year for control and treated (Group 1) animals are shown in Fig. 6 . There were no significant differences (P > 01) between the two groups in the total amount of LH released at any time of the year, even during the period when significant differences were seen in testicular activity, with the exception of a moderately (P < 005) greater release of LH by the control group in December. Control and treated animals, however, showed slight seasonal variations of LH release.
In the control group, the amount of LH released in December was greater (P < 0-05) than in September, November or April. In addition, LH release in June in both groups was similar (P > 01) to that of the control group in December. í*«t •A.ijrt^h1 8Sept. 19Nov. 20Dec. 22Jan. 11 Apr. 4Jun. 27Jun. 8Aug. Fig. 6 . Seasonal changes in LH response to LHRH injection (means ± s.e.m.) in (a) control and (b) treated males (Group 1) and (c) the testosterone increase after LHRH injection in the same animals. The superimposed curves in (a) and (b) represent the variations in mean testicular volume during the study period. The sampling dates are given below the figure. All samples were taken at 20-min intervals. The intravenous LHRH injections were given immediately after the second blood sample in all cases.
In contrast, there were clear seasonal variations in testosterone concentrations after LHRH-stimulated LH release (Fig. 6c) . From September to January, peak testosterone values were low (< 2-2 ng/ml) in the treatment and control groups. In April, peak values were significantly higher (P < 001) than in January in the control group (5-3-12-2 ng/ml), but not in Group 1 (P > 01; 2-3-15-0 ng/ml). Peak testosterone concentrations after LHRH challenge were signifi¬ cantly (P < 005) lower in June and August compared with April for both groups (controls: 0-75-3-55; Group 1: 1-82-4-3 ng/ml). Total testosterone release during the first 100 min after LHRH injection dropped significantly (P < 001) between April and early June in the control group. This reduction was not seen (P > 0-1) in the treatment group, indicating that melatonin administration had prolonged testosterone production.
Fur quality
The 4 control animals had all completed moulting to a summer coat when the study was concluded (Fig. 7a) . All 6 animals in the treatment groups, however, had winter coats at this time (Fig. 7b) of varied maturity and quality. Five animals (all 4 from Group 1 and one from Group 2) had coats that externally had the appearance of mature winter coats. However, in all 5 animals, some hair pigment had begun to return to the skin, particularly on the hindlegs and on the middle of the back. Hair quality, coat density and skin texture resembled those seen in a normal winter coat. The 6th animal (from Group 2) had an immature pelt which in places was darkly pigmented. Hair quality and density in this animal were characteristic for a winter coat, but the wool was poorly anchored to the skin, particularly from the tail root to the shoulder region, and the animal appeared to be in the process of changing to a summer coat. The neck region of this pelt showed poor hair quality and density. This pelt and one of those from Group 1 were discoloured by urine. The four other pelts showed a uniform beige to yellow pigmentation.
Discussion
The present study clearly shows that administration of melatonin to the male blue fox interferes with several events normally associated with increasing photoperiod: testicular regression, stimulation of prolactin secretion and moulting of the winter coat.
We have documented a significant prolongation of testicular activity after the normal mating season, by means of histology, flow cytometry, and measurement of plasma testosterone concen¬ trations. At castration in August, the males given the highest doses of melatonin (Group 2) showed testicular activity that was virtually identical to that seen at the height of the mating season 4 months previously. The slow decline in testicular volume during the summer, despite the presence of the implants, is in agreement with previous studies on the ram (Lincoln & Ebling, 1985) and mink (Allain et ai, 1981) which showed that melatonin implantation does not lead to a stable reproductive condition but instead to long-term cyclic changes in testicular activity. There was no histological or flow-cytometric evidence that testicular biopsies influenced testicular development or regression, despite the need to use a comparatively large bore needle to ensure that sufficient tissue was obtained during the regressed phase. This is in agreement with earlier studies using repeated testicular biopsies from red foxes with 1-65-mm needles (Martin & Richmond, 1972) and from dogs with 1-mm needles (James et ai, 1979) .
The elevated plasma values of testosterone after LHRH stimulation several months after the mating season (Fig. 6c) also clearly indicate that melatonin administration influences gonadal steroidogenesis. The episodic nature of LH release and individual variations in plasma LH concentations after LHRH injection make it difficult, however, to examine the role of LH in these changes, but it is likely that the effect of melatonin on testosterone release is mediated via the hypothalamicpituitary axis.
Further evidence for the importance of melatonin has been provided in the ram, in which pinealectomy (Barrell & Lapwood, 1979) , superior cervical ganglionectomy (Lincoln et ai, 1982) and continuous exogenous administration of melatonin (Lincoln & Ebling, 1985) , all of which modify melatonin secretion, disrupt the photoperiodic control of reproduction.
The present study also demonstrated clearly that exogenous melatonin administration blocks totally the spring rise in plasma prolactin concentrations and effectively prevents moulting of the winter coat. This is in agreement with previous work on mink which has shown that the effects on the fur cycle are probably mediated through changes in prolactin secretion. In mink, melatonin and prolactin have been shown to be of central importance in both the spring moult (Martinet et ai, 1981) and autumn moult (Allain & Rougeot, 1980; Martinet et ai, 1984; Rose et ai, 1985) . Melatonin administration to mink in January or March depresses plasma prolactin levels, delays the spring moult and delays testicular regression (Allain et ai, 1981) . We have also obtained more direct evidence (unpublished) for the role of prolactin in the furring cycle of the blue fox by treating males with bromocriptine, which both suppresses plasma prolactin concentrations and causes retention of the winter coat.
The measurements of plasma melatonin concentrations in the present study (Fig. 4) provide the first information for the future assessment of the optimal dose and mode of administration of this hormone to the fox. The small Silastic cylinders (24 and 36 mg melatonin) used at the beginning of the study proved capable of significantly elevating melatonin values for 6 months, although by the end of this time concentrations were approaching control values again. The reason for the considerably higher plasma concentrations of melatonin after the second administration of the cylinders in February compared to those after the first implantation in August is unclear, but may be related to specificity problems with the assay antibody. The Silastic envelopes gave a relatively steady release of hormone over the entire experimental period (nearly 5 months for this implant type), in agreement with earlier studies on the ram (Lincoln & Ebling, 1985) . The minimum effective dose of melatonin and the optimal time of administration remain to be fully investigated. Likewise, it is unclear from the present study whether the effects seen are attributable to the small implants administered in August and February or the larger doses given in March.
The extension of the period of testicular activity achieved in the present study should be of benefit in the further development of artificial insemination in the blue fox, by enabling a longer collection period, if clinical trials show that the semen produced in the warmer spring months is of sufficiently good quality. In addition, the adaptation of this technique for use in the male silver fox, whose breeding season precedes that of the blue fox by a few weeks, would considerably lessen the present difficulties in producing silver/blue fox hybrids, for which there is currently great interest.
